ABSTRACT Lygus hesperus Knight (Hemiptera: Miridae) is a key agricultural pest in the western United States, but certain aspects of its temperature-dependent development are poorly deÞned. Accurate models describing the relationships between temperature and development of L. hesperus would facilitate the study of Lygus seasonal population dynamics and overwintering ecology. We used nonlinear biophysical models to describe the development of L. hesperus eggs oviposited in green bean pods and semitransparent agarose and held under constant temperatures from 10 to 37.8ЊC. The agarose substrate was used because it is less susceptible than green beans to deterioration at low and high temperature extremes, and because it allowed the observation of phases of embryonic development that are hidden from view from eggs developing in plant material. The models indicated that both low and high temperature inhibited development of each observed embryonic phase regardless of oviposition substrate. Developmental rates asymptotically approached zero with decreasing temperature in the lower thermal range, and decreased with increasing temperatures above 32.2ЊC. Eggs oviposited in agarose developed slower than eggs oviposited in green bean pods suggesting that egg developmental rates were inßuenced by the type of host substrate. Our temperature-dependent developmental rate models for L. hesperus eggs supplement nonlinear models recently reported for L. hesperus nymphal and adult reproductive development and should be useful in planning and interpreting Þeld studies of L. hesperus population dynamics and overwintering ecology. KEY WORDS biophysical model, temperature-dependent development, western tarnished plant bug, degree-day The western tarnished plant bug, Lygus hesperus Knight (Hemiptera: Miridae), causes economic losses in fruit, vegetable crops, and cotton (Gossypium hirsutum L) in the western United States (Wheeler 2001). Although L. hesperus is an important agricultural pest, many aspects of its biology, including temperature dependence of development, are poorly understood. Earlier studies of L. hesperus temperature-dependent development were based on a narrow range of temperatures and were modeled using linear regression (Champlain and Butler 1967, Butler and Wardecker 1971) . Using the nonlinear biophysical model DeMichele 1977, SchoolÞeld et al. 1981), we recently modeled the temperature-dependent development of L. hesperus nymphs (Cooper and Spurgeon 2012b) and of adult reproductive organs (Spurgeon and Cooper 2012) . Compared with published temperature-dependent developmental models for L. hesperus nymphs and adult reproductive maturity (Champlain and Butler 1967, Butler and Wardecker 1971) , our nonlinear developmental rate models provide useful predictions over a broader range of temperatures. In light of these recent results, the biophysical model might also be useful for describing the temperature dependence of L. hesperus egg development.
The western tarnished plant bug, Lygus hesperus Knight (Hemiptera: Miridae), causes economic losses in fruit, vegetable crops, and cotton (Gossypium hirsutum L) in the western United States (Wheeler 2001) . Although L. hesperus is an important agricultural pest, many aspects of its biology, including temperature dependence of development, are poorly understood. Earlier studies of L. hesperus temperature-dependent development were based on a narrow range of temperatures and were modeled using linear regression (Champlain and Butler 1967, Butler and Wardecker 1971) . Using the nonlinear biophysical model DeMichele 1977, SchoolÞeld et al. 1981) , we recently modeled the temperature-dependent development of L. hesperus nymphs (Cooper and Spurgeon 2012b ) and of adult reproductive organs (Spurgeon and Cooper 2012) . Compared with published temperature-dependent developmental models for L. hesperus nymphs and adult reproductive maturity (Champlain and Butler 1967, Butler and Wardecker 1971) , our nonlinear developmental rate models provide useful predictions over a broader range of temperatures. In light of these recent results, the biophysical model might also be useful for describing the temperature dependence of L. hesperus egg development.
Eggs of L. hesperus develop within living plant tissues (Wheeler 2001 , Williams et al. 2012 . Because only the operculum of the inserted egg is externally visible on the host surface (Stewart and Gaylor 1993, Ma et al. 2002) , development to hatch is the only phase of embryonic development that is consistently observable for eggs oviposited in plant material. Studies of the development of endophytic eggs such as those of Lygus spp. are difÞcult near the lower developmental threshold because the oviposition substrates commonly used in laboratory studies may deteriorate and destroy the eggs before embryonic development is complete (Cooper and Spurgeon 2012a) . Champlain and Butler (1967) interpreted the failure of L. hesperus eggs to hatch at temperatures below 12.8ЊC as lack of Mention of trade names or commercial products in this article is solely for the purpose of providing speciÞc information and does not imply recommendation or endorsement by the United States Department of Agriculture. USDA is an equal opportunity provider and employer.development, and this interpretation has been used to develop hypotheses regarding L. hesperus overwintering ecology (Strong et al. 1970) . Separation of the chorion and operculum of eggs held at 10ЊC was observed in preliminary studies of L. hesperus egg development (W.R.C., unpublished data). The observed separation of the chorion and operculum indicated that at least the initial phases of embryonic development had occurred (Cooper and Spurgeon 2012a) . Cooper and Spurgeon (2012a) determined that L. hesperus females would oviposit in semitransparent agarose and that the agarose was less subject to deterioration than were natural oviposition substrates. Use of semitransparent agarose substrate also allows the observation of early phases of embryonic development that are obscured when eggs are deposited in plant material (Cooper and Spurgeon 2012a) .
Accurate models of L. hesperus temperature-dependent egg development would complement our previous developmental rate models for L. hesperus nymphs and adults and would facilitate the study of L. hesperus seasonal ecology. The purpose of this study was to model the temperature-dependent development of L. hesperus eggs oviposited in green beans (Phaseolus vulgaris L.) or agarose by using a nonlinear biophysical model.
Materials and Methods
Temperature-Dependent Egg Development. L. hesperus adults were obtained from a laboratory colony maintained on green bean pods and raw sunßower (Helianthus annuus L.) seeds at 27ЊC and a photoperiod of 14:10 (L:D) h. To facilitate mating, mixed sex groups consisting of 200 newly emerged L. hesperus adults were held for 9 d in 4-liter buckets with ventilated lids. Buckets of mixed sex groups of insects were held within an environmental chamber (model I30BLL, Percival ScientiÞc Inc., Perry, IA) maintained at 26.7ЊC, 50 Ð70% RH, and a photoperiod of 14:10 (L:D) h. Each rearing bucket was provisioned with shredded paper and green bean pods. Green bean pods were replaced each Monday, Wednesday, and Friday. After 9 d in mixed sex groups, females were individually aspirated into 18.5-ml plastic vials closed with ventilated lids (Thornton Plastics, Salt Lake City, UT). Mated females identiÞed by the presence of an externally visible spermatophore (Cooper 2012) were used to obtain experimental eggs.
Temperature-dependent egg development was assessed in two separate experiments, one experiment using green bean pods and one experiment using agarose as the oviposition substrate. Eggs oviposited in green bean pods were obtained by conÞning individual mated females in 18.5-ml plastic vials, each provisioned with a segment of a green bean pod with the cut ends sealed with parafÞn wax. After 6 h, each bean was examined for the presence of eggs. Beans containing eggs were surface sterilized in 1% bleach for 10 s and then rinsed in deionized water for 10 s. The location of up to Þve eggs per bean was marked using India ink and a needle to reduce the amount of time required to locate eggs during assays, and to ensure the same eggs were monitored each day. Development of eggs without marked locations was not monitored. Bean sections, each with eggs from a single female, were then transferred to new 18.5-ml plastic vials for observation of egg development.
Eggs oviposited in agarose were obtained using the methods described by Cooper and Spurgeon (2012a) . Two 12-well tissue culture dishes without lids (product number 352043, BD Falcon, San Jose, CA) were stacked with the upper dish inverted over the lower dish so that the wells of the two plates adjoined. Each well of the bottom dish was completely Þlled with 8 ml of 1.5% agarose. After cooling, the agarose-Þlled wells were covered with stretched ParaÞlm M (Pechiney Plastic Packaging, Chicago, IL) to provide footing for ovipositing Lygus females. The upper dish was used to conÞne a mated L. hesperus female to each agaroseÞlled well, and each well of the upper dish was ventilated with a 0.3-cm-diameter hole covered with Þne mesh. The agarose in each well was examined for the presence of eggs after 6 h. After removing the paraÞlm, Þve agarose cylinders, each containing eggs from a single female, were transferred to each of nine new 12-well tissue culture dishes for observation of egg development. Each culture dish was covered with an upper, ventilated culture dish to conÞne nymphs hatching from eggs.
Developmental times of eggs were determined at nine constant temperatures: 10, 12.8, 15.6, 21.1, 26.7, 29.4, 32.2, 35, and 37.8ЊC (Ϯ1ЊC) . Constant temperatures were maintained in environmental chambers kept at 50 Ð70% RH and a photoperiod of 14:10 (L:D) h. Temperature and relative humidity within each chamber were monitored using a HOBO Data Logger (Onset Computer Corporation, Pocasset, MA). Eggs were examined every 24 h for mortality or hatch. Mortality of eggs developing in green beans was signiÞed by a collapsed operculum indicative of egg desiccation. Mortality of eggs oviposited in agarose was identiÞed by a change in egg color from yellow or amber to white. Appearance of red pigmentation on the distal antennal segments and the eyes represents a phase of L. hesperus embryonic development that can be observed through semitransparent agarose (Cooper and Spurgeon 2012a) . Therefore, eggs oviposited in agarose also were examined for the development of red pigmentation.
Each experiment was conducted three independent times (trials). In each trial, eggs in 10 bean sections, and Þve agarose cylinders, were assigned to each temperature. Temperatures were randomly assigned to environmental chambers before each trial. In total, 971 eggs were observed for development in bean sections, and 987 eggs were observed in agarose cylinders.
Three separate analyses were used to describe the temperature-dependence of embryonic development: 1) rate of development to hatch for eggs in green bean pods, 2) rate of development to appearance of red pigmentation for eggs in agarose, and 3) rate of development to hatch for eggs in agarose. Egg developmental times (days) at each constant temperature from 12.8 to 37.8ЊC were used to calculate mean developmental rates for use as inputs in the biophysical model of Sharpe and DeMichele (1977) , as modiÞed by SchoolÞeld et al. (1981) . The general form of the model is as follows:
͑T ϩ 273.15͒ 298.15
where r(T) is developmental rate at temperature T (ЊC), RHO25 is developmental rate at 25ЊC with no enzyme inhibition, HA is enthalpy of activation of the reaction catalyzed by a rate-controlling enzyme, TL is Kelvin temperature at which the rate-controlling enzyme is half inactive because of low-temperature inhibition, HL is change in enthalpy associated with low-temperature inhibition of the rate controlling enzyme, TH is Kelvin temperature at which the ratecontrolling enzyme is half inactive because of hightemperature inhibition, HH is change in enthalpy associated with high-temperature inhibition of the enzyme, and R is the universal gas constant (1.987 cal
). RHO25 and HA dominate the functional relationship at intermediate temperatures, TL and HL dominate at low temperatures, and TH and HH dominate at high temperatures. The model was Þt to the data using the SAS program of Wagner et al. (1984) after minor syntax changes for compatibility with SAS version 9.2 (SAS Institute 2008). The SAS program developed by Wagner et al. (1984) determines the number of parameters (two, four, or six) to be used in the model for a given data set, selects starting values of these parameters for nonlinear regression, and computes least-square estimates of the parameters by using Marquardt techniques. A best Þt regression to a two-, four-, or six-parameter model indicates no temperature inhibition, low-or high-temperature inhibition, or low-and high-temperature inhibition, respectively.
Substrate-Dependent Egg Development. Green bean pods and agarose were prepared as described above. Females were individually conÞned to an agarose well and held in 21.1ЊC for 4 h. Each female that oviposited in agarose was transferred to a vial containing a green bean pod with the cut ends sealed with parafÞn wax and held in 21.1ЊC for another 4 h. Thus, the same Þve females deposited eggs in both substrates. In total, 24 eggs were deposited in agarose and 19 eggs were deposited in green bean pods. Eggs were held at 21.1ЊC and a photoperiod of 14:10 (L:D) h, and they were monitored every 24 h for hatch. The mean egg developmental time corresponding to each combination of female and oviposition substrate was calculated and used as the response variable in a mixed model analysis by PROC GLIMMIX (SAS Institute 2008). Oviposition substrate was the single Þxed effect, and female was included as a random effect. The mean egg developmental time corresponding to each combination of female and substrate was weighted (the WEIGHT statement of PROC GLIMMIX) to reßect the number of eggs that developed to hatching in each combination. Corrected denominator df were obtained using the KenwardÐRoger adjustment (DDFM ϭ KR option of the MODEL statement). This analytical approach was used to avoid problems encountered in analysis of the original data, in which the variance component associated with "female" was negative and the G matrix was not positive deÞnite.
Internal Temperatures of Oviposition Substrates. To compare the internal temperatures of the two oviposition substrates, green bean pods and agarose wells (n ϭ 30 per substrate, N ϭ 60) were prepared as described for temperature-dependent developmental assays. The oviposition substrates were placed in a growth chamber maintained at 26.7ЊC, 50 Ð70% RH, and a photoperiod of 14:10 (L:D) h. Internal temperatures of green beans and agarose-Þlled wells were measured using a thermocouple thermometer (Acorn Series, Oakton Instruments, Vernon Hills, IL) with a 0.9-mm-diameter type-J hypodermic tip penetration probe (model R-08505-89, Cole Parmer, Vernon Hills, IL). Temperatures were measured by inserting the probe 3Ð 4 mm into a green bean pod or agarose well, closing the door of the environmental chamber, and recording the temperature after 1 min.
Within the environmental chambers, short-term perturbations in temperature and humidity occurred at the transitions between photo-and scotophases. Because of uncertainty regarding how these perturbations might inßuence the respective temperatures of the oviposition substrates, substrate temperatures were measured both before and after these transitions. Substrate temperatures were recorded on days 1, 5, and 10 after the oviposition substrates were introduced into the environmental chambers. The transition between photo-and scotophases was programmed to occur at 1200 hours (PDT), and the experiment was conducted four times (trials); twice with the photophase ending at 1200 hours, and twice with photophase beginning at 1200 hours. On each day that measurements were taken, temperatures were recorded at 4 h before (0800 hours) and 4 h after (1600 hours) the transition. Temperatures were recorded from Þve green bean pods and Þve agarose cylinders at each examination, and each green bean and agarose cylinder was used only once.
Data were analyzed using PROC GLIMMIX of SAS with temperature as the dependent variable, substrate type, substrate age, photophase cycle, and their interactions as Þxed effects, and trial as a random variable. Corrected denominator degrees of freedom were obtained using the KenwardÐRoger adjustment (DDFM ϭ KR option of the MODEL statement).
Results and Discussion
The biophysical model provided a good Þt to each relationship between temperature and developmental rate, for eggs hatching from green bean pods (Fig. 1A) , development to appearance of red pigmentation for eggs in agarose (Fig. 1B) , and development to hatching for eggs in agarose (Fig. 1C) . Model predicted developmental times (days) at each temperature generally deviated Ͻ2% from observed developmental times (Table 1 ). The single exception was the predicted developmental time for eggs oviposited in agarose and maintained at 10ЊC, which was Ϸ8.5% shorter than the observed developmental time (Table 1) .
Temperature-dependent egg development, regardless of observed phase of development or host substrate, was best described by a six-parameter biophysical model indicating both low-and high-temperature inhibition (Fig. 1) . In each model, developmental rate asymptotically approached zero in the lower thermal range, and decreased with increasing temperature above 32.2ЊC (Fig. 1) . The patterns of temperaturedependence observed for egg development were consistent with those previously observed for L. hesperus nymphal development (Cooper and Spurgeon 2012b) .
Respective estimates of RHO25 for eggs developing to hatch (Fig. 1A and C) in the two oviposition sub- strates suggested that eggs developed more rapidly in green bean pods than in agarose. However, examination of observed developmental times indicated the substrate-dependent differences in egg developmental rates were not consistent among temperatures. At temperatures between 21.1 and 35ЊC, observed developmental times in agarose were increased from Ϸ30 Ð 45% compared with developmental times in beans (Table 1 ). These differences diminished at lower temperatures to Ϸ15% at 15.6ЊC and Ͻ1% at 12.8ЊC (Table  1) . This apparent interaction between temperature and oviposition substrate suggested the factor(s) responsible for slower egg development in agarose was not operable at the lower temperatures, or was negated by additional, unidentiÞed factors inßuencing development in one or both substrates. It was this interaction that prompted additional, independent experiments to verify the difference in developmental time between substrates, and to examine substrate temperatures in case microbial activity associated with deterioration of the bean pods resulted in physiologically relevant increases in substrate temperature. The experiment that directly compared developmental times of eggs in the different substrates at 21.1ЊC conÞrmed the more rapid egg development in green beans (F ϭ 11.0; df ϭ 1, 5.8; P ϭ 0.017). The developmental time (mean Ϯ SE) of eggs in green beans was 11.8 Ϯ 0.42 d, whereas the developmental time of eggs in agarose was 13.8 Ϯ 0.60 d. Although the developmental time for eggs in agarose in this experiment was somewhat shorter than in the previous experiment, developmental times in both substrates differed from earlier estimates by Ͻ10% and were within the previously observed range of developmental times.
When the oviposition substrates were held at constant 26.7ЊC, signiÞcant differences were observed between the internal temperatures of agarose (26.5 Ϯ 0.12ЊC) and green bean pods (26.7 Ϯ 0.12ЊC) ( Table  2) . However, signiÞcant effects were not demonstrated for age of the substrates, whether the photophase began or ended at 1200 hours, or their interactions with each other or the substrate type (Table 2) . These results suggest that variations in substrate temperature may have contributed to differences in respective developmental rates of eggs in green beans and agarose. However, the small observed difference in substrate temperature (0.2ЊC) accounted for only Ϸ0.25 d in egg developmental time. Other characteristics of the substrates, such as differences in osmotic potential, may inßuence egg development through effects on water uptake. In this event, one may expect different egg developmental rates in different hosts, or in the same host over a variety of host conditions.
The use of agarose substrate allowed the observation of phases of embryonic development that are hidden from view for eggs deposited in opaque plant tissues (Cooper and Spurgeon 2012a) . Overall, development to the appearance of red pigmented eyes and antennae accounted for 59 Ð 69% of total developmental time, a Þnding consistent with our previous observations (Cooper and Spurgeon 2012a) . The percentage of total developmental time represented by the time to development of the red pigmentation did not seem to vary in a temperature-dependent manner. Therefore, the inßuence of temperature on development to the stage at which red-pigmented eyes and antennal segments are visible seems to be indicative of the inßuence of temperature on overall egg development. The use of agarose also provided a substrate that was less susceptible to deterioration than green bean pods. Our preliminary studies of temperature-dependent egg development indicated that green beans used as substrate desiccated after Ϸ30Ð40 d at 10ЊC and became moldy and rotted after 4 Ð5 d at 37.8ЊC (W.R.C., unpublished data). Similar problems were not experienced with the agarose substrate. These advantages of using agarose as an oviposition substrate instead of green beansÑability to observe phases of embryonic development, and less susceptibility to deteriorationÑproved valuable for examining egg development at temperatures near the upper and lower thermal limits for development.
Although we did not observe complete development of L. hesperus eggs oviposited in green bean pods and maintained at 10ЊC (Table 1; Fig. 2 ), we did observe indicators of development, including separation of the operculum from the egg chorion. Factors associated with bean desiccation, including decreased water availability and mechanical pressure from bean shriveling, may have contributed to the mortality of eggs in green beans held at 10ЊC. More than 80% of L. hesperus eggs deposited in agarose and maintained at 10ЊC developed to the embryonic phase characterized by the presence of red pigmented eyes and antennae (Fig. 2) . Nearly 20% of eggs oviposited in agarose and maintained at 10ЊC completed development and hatched (Fig. 2) . Our results indicate that L. hesperus eggs develop at 10ЊC, but egg developmental rate at this temperature is apparently slower than the rate of deterioration of the green bean pods. Such deterioration would not be expected when the oviposition substrate is a living, intact host plant. Champlain and Butler (1967) interpreted the failure of L. hesperus eggs to hatch from green beans held at 10ЊC as failure to develop. Our Þndings that many L. hesperus eggs survive and complete development at temperatures as low as 10ЊC should contribute to an improved understanding of L. hesperus seasonal ecology. Embryonic development to the appearance of red pigmented eyes and antennae was observed at 37.8ЊC in some eggs, but none of the eggs developed to hatch at this temperature regardless of oviposition substrate (Table 1; Fig. 2) . Therefore, 37.8ЊC may be above the upper thermal threshold for development to hatch despite permitting development to earlier phases of embryo development. Although development of red pigmented eyes and antennae occurred in some eggs, 58% of the embryos that developed red pigmentation exhibited symptoms of atypical development. Embryos developing normally undergo katatrepsis, a movement that orients the head toward the operculum (Cooper and Spurgeon 2012a) . Most embryos held at 37.8ЊC that exhibited atypical development were not reoriented, indicating that normal katatrepsis did not occur (Fig. 3) . Additional embryos occupied only half the length of the egg, and lacked visible body organization typical of tagmosis. These observations suggest that L. hesperus eggs subjected to prolonged exposure to constant 37.8ЊC accumulate physiological injury resulting in atypical development and death.
This study demonstrates both low-and high-temperature inhibition of L. hesperus egg development, and the results provide useful estimates of lower and upper developmental thresholds for use in calculating degree-days for L. hesperus egg development. Lower developmental thresholds (temperature at which the developmental rate equals zero) are difÞcult to estimate because developmental rates asymptotically approach zero near the lower thermal limit. However, our models indicate that developmental rates of nearly zero at 10ЊC (0.014 d
Ϫ1
) are low enough that, in an ecological context, this temperature represents an appropriate lower developmental threshold. Our results indicate the horizontal upper-developmental threshold (temperature at which the developmental rate begins to decrease, Baskerville and Emin 1969) for L. hesperus eggs is Ϸ32ЊC. These developmental thresholds are identical to those estimated for L. hesperus nymphs (Cooper and Spurgeon 2012b) . Our nonlinear temperature-dependent rate models can provide predictions of L. hesperus egg developmental time that are more accurate than those available from previous reports. As such, results of the current report should facilitate the improved design and interpretation of Þeld studies of L. hesperus seasonal population dynamics and overwintering ecology.
